Abstract. High quantum dot (QD) efficiency may be explained by excitons generated in the quantum electrodynamics (QED) confinement of electromagnetic (EM) radiation during the absorption of the laser radiation. There is general agreement that by the Mie theory laser photons are fully absorbed by QDs smaller than the laser wavelength. But how the absorbed laser photons are conserved by a QD is another matter. Classically, absorbed laser radiation is treated as heat that in a body having specific heat is conserved by an increase in temperature. However, the specific heats of QDs vanish at frequencies in the near infrared (NIR) and higher, and therefore an increase in temperature cannot conserve the absorbed laser photons. Instead by QED, the laser photon energy is first suppressed because the photon frequency is lower than the EM confinement frequency imposed by the QD geometry. To conserve the loss of suppressed EM energy, an equivalent gain must occur. But the only EM energy allowed in a QED confinement has a frequency equal to or greater than its EM resonance, and therefore the laser photons are then up-converted to the QD confinement frequency -the process called cavity QED induced EM radiation. High QD efficiency is the consequence of multiple excitons generated in proportion to very high QED induced Planck energy because at the nanoscale the EM confinement frequencies range from the vacuum ultraviolet (VUV) to soft x-rays (SXRs). Extensions of QED induced EM radiation are made to surface enhanced Raman spectroscopy (SERS) and light emission from porous silicon (PS).
Introduction
The efficiency of QDs is the electrical power produced as a percentage of the absorbed radiation. Efficiency in the conversion of photons to excitons in bulk semiconductors is usually based on the 1 photon -1 exciton rule for photons having Planck energy greater than the band gap, the upper limit determined [1] to be about 31 %. The highest QD conversion efficiency [2] sometimes called carrier multiplication (CM) is typically about 66 %. Currently, high QD efficiency is explained by impact ionization [3] that allows more than 1 exciton to be successively generated in the absorption of 1 photon with Planck energy greater than the band gap of the semiconductor. But impact ionization by successive absorption takes time while experiments [4] show the excitons are formed instantaneously. Further, impact ionization fails to explain [5] almost the same QD efficiencies found for the widely different CdSe and PbSe semiconductors.
Subsequently, the "coherent-CM" mechanism was proposed [6, 7] , but required very large Coulomb coupling that could not be experimentally [5] verified, thereby prompting the similar QD efficiencies found for the quite different CdSe and PbSe to be explained by virtual exciton states.
In this paper, QDs upon the absorption of laser photons generate multiple excitons in proportion to the Planck energy induced by QED induced EM radiation, the proportionality known since the 1950's for excitons [8] generated in bulk Ge under x-rays (XRs). Virtual exciton states are not necessary. Prior applications of QED induced EM radiation [9] were directed to frequency up-conversion of photons in evacuated nanocavities, say by bubbles in the electrification of flowing liquids or by the Casimir effect for gaps between solids. The only difference between QED confinement of photons in solid NPs and evacuated cavities is the refractive index, but even this difference is inconsequential because the refractive index may be treated as unity for QDs small in relation to the photon wavelength, and therefore QED induced EM radiation in QDs is the same as that in nanocavities.
Theoretical Background
QED induced EM radiation for a laser photon absorbed in the QD is shown in Fig. 1 . The QD is taken to be spherical of radius R having an EM confinement frequency beyond the VUV. By the Mie theory, a laser photon is absorbed in the QD. Absent specific heat at VUV frequencies, the EM energy of the absorbed laser photon cannot be conserved by an increase in QD temperature. Instead, the laser photon absorbed in the QD momentarily has a frequency lower than the VUV confinement frequency, and therefore is suppressed by QED. To conserve the loss of suppressed photon energy under QED constraints, an equivalent amount of EM energy is gained at the EM confinement frequency. Depending on the QD diameters, the suppressed laser photon is up-converted to frequencies from the VUV to SXRs. Multiple excitons are then generated in proportion to the Planck energy of the QED induced EM radiation. 
where, U is the total QD energy, h and k are Planck's and Boltzmann's constants, λ is wavelength, T is absolute temperature, and N A is the number of atoms. For EM confinement frequencies higher than the IR, C* → 0 and the EM energy of the absorbed laser photon cannot be conserved by an increase in temperature.
QED Conservation. By QED, the EM energy of the absorbed laser photon is conserved by an increasing its frequency to the EM confinement frequency, thereby inducing Planck energy far in excess of the typical semiconductor band-gaps. Excitons are formed in proportion to the Planck energy, thereby exceeding the 1 photon -1 exciton rule for the bulk. The EM confinement wavelength λ EM imposed by the QD geometry upon the absorption of the laser photon and the Planck energy E induced in the QD is, Semiconductor Photonics: Nano-Structured Materials and Devices
Discussion
QDs avoid the limitation of the 1 photon -1 exciton rule in the bulk because QED induces the absorbed laser photon to increase its frequency to VUV/SXR levels, thereby providing Planck energies far beyond the band-gap necessary for generating multiple excitons. For bulk Ge, every 2.5 eV of XR energy [8] generated 1 exciton. Recently, 3 -NIR laser photons at 800 nm were found [6] to generate 7 excitons in QDs of PbSe. Fig. 2 (a) shows Planck energy E and the number of excitons for Ge, and (b) gives the number of excitons v Planck energy E for PbSe and Ge. Planck Energy E -eV
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Conclusions
QDs generate multiple excitons in proportion to the Planck energy induced by QED. However, the number of excitons depends on the laser energy available. At the upper limit, the 1 nm PbSe QD inducing SXR Planck energies of 621 eV requires a pulsed NIR femtosecond laser [6] supplying about 400 NIR photons at 800 nm to generate 870 excitons.
Extensions
Since the 1970's, SERS is not well understood although numerous electric field and chemical enhancement mechanisms have been proposed. QED induced EM radiation offers yet another explanation in that similar to QDs high Planck energy is produced in nanoscale roughened metal surfaces. Similarly, QED induced radiation explains the enhanced emission from PS.
